Heat stress due to high daytime temperatures is one of the main limiting factors in rice (Oryza sativa L.) yield in Colombia. Thus, the objective of the present research was to analyze the effect of three different daytime temperatures (25, 35, and 40 °C) on the physiological responses of three Colombian rice cultivars (F60, F733, and F473), thereby contributing to the knowledge of rice acclimation mechanisms. For 10 d, eight plants of each of the three cultivars were subjected daily to 5 h periods of 35 and 40 °C. The control treatment corresponded to normal growth conditions (25 °C). Thermal stress was assessed based on a series of physiological and biochemical parameters. The 35 °C treatment produced photosynthetic and respiratory differences in all three cultivars. At 40 °C, ̔F60̓ displayed the lowest photosynthetic rate and the highest respiratory rate. Although this cultivar experienced particularly strong electrolyte leakage and changes in proline when subjected to the high-temperature treatments, similar trends were observed in ̔F733̓ and ̔F473̓. At 40 °C, the concentration of malondialdehyde (MDA) was lower in ̔F473̓ than in the other cultivars. These results may explain the poor agronomic performance of ̔F60̓ in the field under daytime heat stress. The methodologies employed in the present work may be useful in Colombian rice breeding programs, particularly for the selection of heat-tolerant breeding stocks.
INTRODUCTION
Rice (Oryza sativa L.) is a major crop in Colombia, with a production of 2 283 981 t of grain on a total area of 445 414 ha in 2010 (DANE-Fedearroz, 2013) . Rice plants are susceptible to unfavorable environmental conditions, such as high temperatures, during specific developmental periods (Fageria, 2007; Jagadish et al., 2007) . Among physiological processes, photosynthesis is one of the most susceptible to heat stress, as the photosynthetic rate can decrease by 50% when temperatures exceed 35 °C (Taniyama et al., 1988; Restrepo-Diaz and GarcesVaron, 2013) . Heat stress may also affect leaf chlorophyll content, the ratio of chlorophyll variable fluorescence to maximum fluorescence (Fv/Fm), non-photochemical quenching (NPQ) and/or the activation of RuBisCO in rice (Cao et al., 2009; Yin et al., 2010) .
Biochemical changes are another aspect of plant acclimation to heat stress (Wahid et al., 2007) . Proline accumulation plays an important role in the metabolism of stressed plants (particularly those under high-temperature conditions), not only as a source of C or N but also as a membrane stabilizer (Jouve et al., 1993; Hare and Cress, 1997) . Proline levels in rice increase during short periods of exposure to high temperatures and decrease when these conditions are prolonged; thus, proline is an important indicator of stress in this species (Tang et al., 2008) . Elevated levels of proline are associated with genotypes that are better adapted to intense environmental demands (Ahmed and Hasan, 2011) .
High temperatures may also affect membrane stability through lipid peroxidation, leading to the production of peroxide ions and malondialdehyde (MDA) (Wahid et al., 2007) . Therefore, changes in the concentration of MDA may also be a good indicator of membrane structural integrity under temperature stress (Cao et al., 2008) . Challenging temperature conditions of 37 °C/30 °C (day/ night) increase the electrolyte leakage percentage and MDA content in rice (Zhang et al., 2009) . Similar results were also obtained by Liu et al. (2013) in rice plants.
Recent decreases in yields of Colombian rice cultivars have been primarily attributed to increases in the maximum and minimum temperatures of up to 3 °C above historical averages, particularly during dry season or under specific environmental phenomena such as El Niño (Castilla et al., 2010) . Colombian rice cultivars such as 'Fedearroz 60' ('F60'), 'Fedearroz 733' ('F733') , and 'Fedearroz 473' ('F473') have become widely cultivated (Restrepo and Garcés, 2013) . Castilla et al. (2010) reported that rice grain yield can reduce around 60% in rice plants of 'F60' under high daytime temperature (above 35 °C). In addition, Restrepo-Diaz and Garces-Varon (2013) showed that the leaf photosynthesis in rice plants 'F733' diminished approximately 30% at 40 °C. However, biochemical responses of Colombian rice cultivars during acclimation to high-temperature conditions have not been well documented. Therefore, the objective of this study was determine the likely acclimation mechanisms of three Colombian rice cultivars under high-temperature conditions by quantifying the effects of three different day temperatures (25, 35 , and 40 °C) on physiological processes such as photosynthesis, transpiration and respiration, as well as biochemical processes such as the production of proline and MDA.
MATERIALS AND METHODS

Plant materials and growing conditions
Seeds of 'Fedearroz 60' ('F60'), 'Fedearroz 733' ('F733') and 'Fedearroz 473' ('F473') 
Heat stress treatments
Eight plants of each of the three cultivars were subjected to three heat stress treatments at 45 d after seed emergence (DAE). Plants were exposed to 35 °C or 40 °C (heat stress treatments), respectively; for 5 h (from 11:00 to 16:00 h, to simulate field conditions) over ten consecutive days to achieve long-term high-temperature stress. The experiment ended at 55 DAE.
Leaf chlorophyll determination and leaf proline content Leaf portions were placed in 80% (v/v) acetone, and chlorophyll extraction was completed using the method described by Wintermans and De Mots (1965) . At 55 DAE, three 1 cm veinless leaf blade sections (20 to 30 mg fresh weight) were taken from a fully developed leaf and homogenized in 8 mL ethanol solution. The sample was centrifuged at 3000 rpm. The absorbance at 663 and 645 nm were assessed in a spectrophotometer (Spectronic BioMate 3 UV-Vis, Thermo, Madison, Wisconsin, USA). Absorbance data were used to determine leaf chlorophyll concentration. Leaf proline content was estimated using the technique described by Bates et al. (1973) . At 55 DAE, 0.3 g of fully developed leaf material was homogenized in liquid nitrogen and reacted with 10 mL of 3% aqueous solution of sulfosalicylic acid before being filtered through nr 2 Whatman paper. A 2 mL aliquot of this filtrate was sampled and reacted with 2 mL acid ninhydrin and 2 mL glacial acetic acid. This mixture was placed in a water bath at 90 °C for 1 h. The reaction was then stopped by incubation on ice. The resulting solution was dissolved in 4 mL toluene by vigorously shaking the test tubes using a vortexer. The absorbance was measured at 520 nm in the spectrophotometer. The leaf proline concentration was obtained from a standard curve and calculated on a fresh weight basis as follows: [(μg proline/mL × mL toluene)/115.5 μg μmol
-1 ]/[g sample/5] = μmol proline/g fresh material.
Lipid oxidation estimation
Lipid oxidation assessment (MDA production) was performed using the thiobarbituric acid (TBA) method described by Hodges et al. (1999) . The leaf MDA content was only estimated in rice plants subjected to 40 °C over ten consecutive days. After this stress period (55 DAE), 0.3 g fully developed leaf material was homogenized with liquid nitrogen and then reacted with 3 mL 0.1% trichloroacetic acid. The mixture was centrifuged at 3000 g for 10 min. A 1 mL aliquot of the resulting supernatant was placed in each of two test tubes containing 4 mL of 10% trichloroacetic acid, one of which also contained 0.65% thiobarbituric acid. Subsequently, test tubes were placed in a water bath at 90 °C for 25 min. After this period, the reaction was stopped by incubation on ice. Samples were centrifuged again at 3000 g for 10 min. The absorbances at 440, 532, and 600 nm were then measured in the spectrophotometer. An extinction coefficient was used to obtain the MDA concentration (157 M mL -1 ).
Net photosynthetic rate
Carbon assimilation was determined using a portable photosynthesis meter (LI-COR 6200, Lincoln, Nebraska, USA). Between 52 and 55 DAE, measurements were taken from two fully developed leaves while plants were subjected to temperature treatments. During the photosynthesis measurements, the conditions within the cuvette were as follows: Photosynthetic active radiation (PAR) greater than 800 μmol m -2 s -1 , leaf temperature 27 ± 5 °C, and leaf to air water vapor pressure difference 1.8 ± 0.5 kPa.
Transpiration plant rate (TPT) and respiration rate
The TPT was measured using the gravimetric technique described by Blom-Zandstra et al. (1995) , which consisted of covering pots with plastic bags to prevent water loss due to evaporation and weighing pots daily before and after irrigation between 52 and 55 DAE. The transpiration rate was expressed in mgwater g -1 FW h -1 . To measure respiration, plants were placed in airtight 4 L plastic chambers fitted with infrared CO2 sensors (CO2-BTA, Vernier, Beaverton, Oregon, USA) connected to a portable interface (LabQuest, Vernier, Beaverton, Oregon, USA). Before plants were placed in these chambers, each pot was covered with a plastic bag to prevent soil respiration from confounding the quantification of plant tissue respiration. The chambers were then placed in total darkness for a period of 300 s, during which the sensors estimated the CO2 concentration (mg kg -1 ) in the chamber every 4 s, resulting in a linear trend curve. The plant respiration rate (mmol CO2 kg -1 FW h -1 ) was determined from the slope of the linear regression (mg kg -1 s -1 ) and calculated based on the total plant fresh weight. These measurements were obtained simultaneously with those of photosynthesis and transpiration.
Membrane permeability damage resulting from electrolyte leakage Plasma membrane damage was evaluated using the percentage of electrolyte leakage protocol described by Jiang and Zhang (2001) . After the stress period at 55 DAE, approximately 0.3 g samples of fresh leaves were cut into 1 cm pieces and placed into test tubes containing 30 mL of deionized water. Subsequently, tubes were incubated in a 30 °C water bath for 2 h, after which the initial electrical conductivity (EC1) of the medium was measured. Samples were then placed in a boiling water bath at 95 °C for 15 min to release all of the electrolytes. After the samples were cooled, their final electrical conductivity (EC2) was determined. The electrolyte percentage was calculated using the following formula: [EC1/EC2] × 100.
Fv/Fm ratio measurements
A continuous excitation fluorometer (Handy PEA, Hansatech Instruments, Kings Lynn, UK) was used to determine the ratio of chlorophyll variable fluorescence to maximum fluorescence (Fv/Fm). Two fully developed leaves (same used for the photosynthesis determination) were used to assess Fm and Fv/Fm ratio. After the baseline (F0) and maximum (Fm) fluorescence were determined, these data were used to calculate the variable fluorescence (Fv = Fm -F0) and the variable to maximum fluorescence ratio (Fv/Fm). All these parameters were determined at the end of the stress period (55 DAE) by adapting leaves to the dark using lightweight leaf clips for at least 10 min before obtaining measurements. Fv/Fm readings were determined with maximum light intensity of up to 3000 µmol m -2 s -1 at the leaf sample surface.
Experimental design and statistical analysis
The experiment was conducted under a factorial design with eight plants per treatment: the main factor was cultivar (F60, F733, and F473), and the secondary factor was daytime temperature (25, 35, and 40 °C) . Before analysis, the percentage values were arcsine transformed. When significant differences were found, means were compared using Tukey's test at a significance value of P = 0.05. Data were analyzed using Statistix v 8.0 (Analytical Software, Tallahassee, Florida, USA).
RESULTS
Net photosynthesis and transpiration rate
The net photosynthetic and transpiration rates of the three Colombian rice cultivars under different daytime temperatures over 10 d are presented in Figures 1A and 1B; Figure 1A shows the effect of Temperature × Cultivar interaction on the net photosynthetic rates of the three cultivars. An increase in the leaf photosynthetic rate of each of the three cultivars was observed when the daytime temperature was increased from 25 to 35 °C. Photosynthesis increased by ~ 44.5%, ~ 17.6% and ~ 25% in plants of 'F60', 'F733', and 'F473', respectively; over this temperature interval. However, all rice cultivars exhibited significant reductions in photosynthesis at 40 °C. At this temperature, leaf photosynthesis of 'F60' was remarkably reduced by approximately 40% compared to the other two cultivars, which exhibited reductions of ~ 23%. The effects of the Cultivar × Temperature interaction on total plant transpiration (TPT) are shown in Figure  1B . In general, TPT was enhanced by increased daytime temperatures (from 25 to 35 °C), most notably in the rice plants 'F473' and 'F733'. When the daytime temperature was further increased from 35 to 40 °C, the TPT of these cultivars decreased to the same level as in 'F60', which did not exhibit any significant variation in TPT at the three different daytime temperatures.
Fv/Fm ratio and leaf chlorophyll pigments
The efficiency of PSII (Fv/Fm ratio) decreased inversely with temperature (Figure 2 ). At the control temperature, this ratio was greater than 0.8, whereas at 35 and 40 °C the ratio decreased to approximately 0.75 in all of the studied cultivars. Since Fv/Fm values below 0.8 can be indicating a possible negative effect of abiotic stress on plant functioning (Ritchie, 2006; Gorbe and Calatayud, 2012) , therefore our data suggest that prolonged exposure to 35 and 40 °C may trigger PSII malfunctioning in these rice cultivars. The leaf chlorophyll contents (a, b, and total) of the three studied rice cultivars under the daytime temperature treatments are presented in Figure 3 . Overall, leaf chlorophyll pigments (a, b, and total) remained unchanged for the studied cultivars; however, of the cultivars studied, concentrations of these pigments were lowest in 'F473'.
Respiration rate
The Cultivar × Heat stress treatment interaction produced significant changes in the plant respiration rate in the three studied rice cultivars (Figure 4 ). Under the different temperature treatments, a linear relationship between temperature and respiration rate was observed for 'F60' plants (P ≤ 0.05), and a quadratic relationship was observed for 'F733' and 'F473' plants (P ≤ 0.001). The highest respiratory rate increases were observed in 'F60' and 'F733' when temperature reached 40 °C. 
Proline content
DISCUSSION
The TPT increased significantly in 'F733' and 'F473' plants as the temperature increased from 25 to 35 °C, most likely as part of a leaf cooling acclimation mechanism to prevent metabolic damage (Baker and Allen, 1993; Wahid et al., 2007) . However, the decrease in transpiration in these two cultivars at 40 °C likely represents a strategy to prevent water loss (Stone, 2001) . The increase in temperature from 25 to 35 °C also enhanced photosynthesis in each of the three Colombian rice cultivars. However, photosynthesis was significantly reduced at 40 °C, most notably in plants 'F60' ( Figure 1A and B). Studies performed by Taniyama et al. (1988) yielded similar results for Indica rice cultivars; net photosynthetic rates of four rice cultivars improved when temperature increased from 25 to 35 °C but were negatively affected at 40 °C. Cao et al. (2009) have suggested that high leaf photosynthesis under heat stress conditions might be a good indicator of heat stress tolerance. Our results indicate that 'F60' is susceptible to high temperatures (≥ 35 °C), in agreement with field observations of drastic yield reductions of 'F60' plants under heat stress (Castilla et al., 2010) . Increases in plant respiration rate were higher when temperature increased from 25 to 40 °C. This effect was particularly evident in 'F60' rice plants (Figure 4 ). These observations are in agreement with those of Jagadish et al. (2012) , who reported that an increased respiration rate is a response of rice plants to high temperatures. Previously, Almeselmani et al. (2012) evaluated two wheat cultivars ('PBW343' and 'C306') under elevated daytime temperatures and concluded that 'C306' plants were more tolerant. One of the acclimation mechanisms of 'C306' is to maintain a high net photosynthetic rate and a low respiration rate under heat stress conditions. We observed similar tolerance mechanisms in 'F473'.
Plant acclimation to heat stress has been frequently assessed based on changes in biochemical markers such as MDA and proline (Jouve et al., 1993) . The proline content increased in the three rice cultivars examined in this study as the temperature increased from 25 to 35 °C. Recently, Ahmed and Hasan (2011) also observed stimulation of proline production in wheat plants when daytime temperatures increased from 25 to 35 °C. However, the proline content decreased in 'F473' and 'F733', but not 'F60' at 40 °C. Tang et al. (2008) also observed a reduction of proline content in rice leaves at 40 °C and concluded that this response may be due to plant sensitivity to prolonged stress periods. Proline can also function as a respiration substrate (Britikov et al., 1965) ; this function may be responsible for the higher proline content of 'F60' plants at 40 °C. In effect, the rapid metabolism of this amino acid likely provides energy for mitochondrial respiration (Hare and Cress, 1997) . The MDA content is an important tool for defining the degree of lipid peroxidation, as a higher content of this compound indicates more severe damage of the cell membrane (Heath and Packer, 1968) . The MDA concentration was higher in 'F60' plants at 40 °C, as was the percentage of electrolyte leakage, indicating greater cell membrane damage. Similar results were observed in rice plants by Zhang et al. (2009) and Liu et al. (2013) , who also reported that the highest values of MDA occurred in the leaves of rice cultivars with enhanced susceptibility to heat stress.
CONCLUSION
When subjected to heat stress, the rice 'F60' exhibited a significant decrease in the photosynthetic rate coupled to a higher respiration rate and proline accumulation, as well as greater membrane stability damage (elevated concentrations of malondialdehyde and large electrolyte losses). In general, high daytime temperatures (40 °C) caused a reduction around 40%, 24%, 23% on the leaf photosynthesis in 'F60', 'F473' and 'F733', respectively. In addition, 'F473' showed a lower malondialdehyde concentration and plant respiration ration. These results can provide an explanation of agronomic performance of 'F60' (susceptible) and 'F473' (tolerant) under heat stress conditions. In consequence, the use of the techniques applied in the present study may provide support to rice breeding programs aiming to select heat stress-tolerant cultivars for Colombian agriculture.
